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Non-decoupling D-terms are an attractive possibility to enhance the tree-level mass of the standard 
model like Higgs boson in supersymmetric models. We discuss here for the case of a new Abelian gauge 
group two effects usually neglected in literature: (i) the size of the additional radiative corrections to the 
Higgs mass due to the presence of the new gauge coupling, and (ii) the impact of gauge kinetic mixing. 
It is shown that both effects reduce to some extent the positive effect of the non-decoupling D-terms on 
the Higgs mass.
© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
The discovery of the Higgs boson at the Large Hadron Collider 
(LHC) [1,2] completes not only the Standard Model (SM) of par-
ticle physics, but gives also new constraints on any extension of 
it. The most studied extension of the SM to date is supersym-
metry (SUSY), see Ref. [3,4] and references therein. However, the 
minimal-supersymmetric standard model (MSSM) is facing increas-
ing pressure over the last few years. One of the reasons is the 
measured Higgs mass of 125 GeV which is not trivial to accom-
modate in the MSSM. The tree-level mass of the Higgs has the 
strict upper limit mTh ≤ MZ , and one therefore needs large radia-
tive corrections to push the mass to the required value. The two 
main possibilities within the MSSM are either heavy stops, and/or 
a large mixing among them. The ﬁrst option raises immediately 
the question about naturalness [5], while the second one can cause 
charge and colour breaking minima [6–8].
For these reasons the interest in non-minimal SUSY models has 
increased in the last years. A widely studied approach to soften 
the need for large radiative corrections to the Higgs mass is to 
increase the mass already at tree-level. This is done for instance in 
different singlet extensions via F -terms [9–15]. The other option is 
to use D-terms [16–18].
The simplest realisations of these ideas show the expected de-
coupling behaviour: as soon as the new sector responsible for 
the enhanced tree-level mass becomes heavy, the positive effect 
of the Higgs mass shrinks. However, it has been shown that this 
decoupling can be circumvented at the price of introducing large 
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SCOAP3.soft-breaking masses. Indeed, valid models with non-decoupling F -
[19–21] or D-terms [22–27] have been successfully constructed.
We will consider in this letter the case of non-decoupling 
D-terms via a new Abelian gauge group U (1)X . So far, only the 
leading order effect on the Higgs mass was studied in this sce-
nario: the impact of the non-decoupling D-terms at tree-level in 
the case of vanishing gauge kinetic mixing was considered. We 
will show that (i) radiative corrections and (ii) the presence of 
gauge-kinetic mixing can give important corrections to this ap-
proximation.
This letter is organised as follows: in section 2 a short excur-
sion into gauge kinetic mixing in supersymmetric models is given, 
before in section 3 the origin of both effects in a concrete model is 
described. The impact on the Higgs mass is analysed numerically 
in section 4, before we summarise in section 5.
2. Gauge kinetic mixing in supersymmetric models
If more than one Abelian gauge group is present, mixing terms 
between the ﬁeld strength tensors of the groups are allowed by 
gauge and Lorentz invariance [28]:
L= −1
4
κ F Aμν F
B,μν, A = B . (1)
Here, Fμν are the ﬁeld strength tensors of two different Abelian 
groups A, B and κ is in general an n ×n matrix if n Abelian groups 
are present. For practical applications it is often useful to bring the 
propagators of the vector bosons back into their canonical form by 
the redeﬁnition [29]
V → κ1/2V . (2)under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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derivative:
∂μ − iQ Ti G˜V → ∂μ − iQ Ti G˜κ−1/2V , (3)
where G˜ is the original diagonal matrix of n individual gauge 
couplings associated to the n Abelian gauge factors, and Q i is 
the vector of the relevant U (1) charges. Thus, the κ−1/2 factor 
can be translated into a new set of 12n(n − 1) “effective” gauge 
couplings whose combinations populate off-diagonal entries of a 
gauge-coupling matrix
G ≡ G˜κ−1/2 . (4)
In supersymmetric models, gauge kinetic mixing appears not only 
for the vector bosons, but also for both, the D-terms and the gaug-
ino soft-breaking terms. Of particular importance in the following 
are the new D-terms which read for the Abelian sector
LD,U (1) =
∑
i j
(φ∗i φi)(G
T Q i)(GQ j)(φ
∗
j φ j) (5)
while the non-Abelian D-terms remain unchanged.
For the special case of two Abelian gauge groups, the most gen-
eral form of G reads
G =
(
gX X gXY
gY X gY Y
)
(6)
In general, one has the freedom to perform a change in basis to 
bring G into a particular form. The most commonly considered 
cases are the symmetric basis with gXY = gY X = g˜ and the triangle 
basis with g˜ = gXY , gY X = 0. The triangle basis has the advantage 
that the new scalars do not contribute to the electroweak VEV, and 
the entire impact of gauge kinetic mixing is encoded in one new 
coupling g˜ . The relations between gij (i, j = X, Y ) and the physical 
couplings called gY , gX , g˜ are given by [30]
gY = gY Y gX X − gXY gY X√
g2X X + g2XY
, gX =
√
g2X X + g2XY ,
g˜ = gY X gX X + gY Y gXY√
g2X X + g2XY
. (7)
3. A model for non-decoupling D-terms
3.1. The Higgs mass at tree-level
In order to show the impact of loop corrections and gauge ki-
netic mixing on the Higgs mass in the presence of non-decoupling 
D-terms, we take a model inspired by Ref. [27] as example.1 In 
this model, the particle content of the MSSM is extended by a 
gauge singlet superﬁeld Sˆ , a superﬁeld for the right-handed neu-
trino and two ﬁelds ηˆ, ˆ¯η responsible for the breaking of U (1)X . It 
has also been shown that this model, when extended in addition 
by three generations of vector-like leptons and quarks, provides an 
attractive explanation for the diphoton excess observed at 750 GeV 
by ATLAS and CMS [31]. The U (1)X charges of all superﬁelds are 
summarised in Table 1, while the most general superpotential in 
agreement with all global and local symmetries is given by
W = WMSSM + Yx νˆ ˆ¯η νˆ + (μ + λ Sˆ) Hˆu Hˆd
+ Sˆ(ξ + λX ηˆ ˆ¯η) + MS Sˆ Sˆ + 1
3
κ Sˆ Sˆ Sˆ . (8)
1 In contrast to Ref. [27] we changed the U (1)X charges of the new ﬁelds to allow 
for a seesaw type-I via the term Yx νˆ ˆ¯η νˆ .Table 1
Charges of the superﬁelds under U (1)X . The superﬁelds in addition to the MSSM 
particle content are singlets under the SM gauge group.
qˆ lˆ dˆ uˆ eˆ νˆ Hˆd Hˆu ηˆ ˆ¯η Sˆ
U (1)X 0 0 12 − 12 12 − 12 − 12 12 −1 1 0
For simplicity, we will neglect in the following λ, MS , and κ as 
well as their soft-breaking terms. In addition, the soft-breaking 
term of ξ can always be shifted away. The relevant soft-breaking 
terms in the scalar sector are
−LSB = · · · + (BμHuHd + TλSηη¯ + h.c.) +m2ϕ |ϕ|2 , (9)
with ϕ = {Hd, Hu, η, η¯, S}.
Electroweak symmetry breaking and the breaking of U (1)X are 
triggered by the following scalars receiving vacuum expectation 
values (VEVs)
H0d =
1√
2
(φd + vd + iσd) , H0u =
1√
2
(φu + vu + iσu) ,
η = 1√
2
(
φη + vη + iση
)
, η¯ = 1√
2
(
φη¯ + v η¯ + iση¯
)
.
(10)
In addition, a VEV for the scalar singlet is induced in general
S = 1√
2
(φs + v S + iσs) . (11)
We deﬁne tanβ = vuvd , v =
√
v2d + v2u as well as tanβx = vηv η¯ , and 
x =
√
v2η + v2η¯ . One can use the ﬁve tadpole equations
∂V
∂vi
= 0 i = u,d, S, η, η¯ (12)
to eliminate ﬁve free parameters. We are doing this in the follow-
ing for m2Hd , m
2
Hu
, m2S , m
2
η and ξ . Thus, the remaining free param-
eters in the scalar sector are Bμ , μ, mη¯ , λ, Tλ and the VEVs. In all 
numerical studies we are going to ﬁx μ = √Bμ = Tλ/λ = 1 TeV, 
and λ = −0.2. The neutral Higgs mass matrix can be written in 
the basis (h, H, N, N ′, S) as⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝
g2v2
4
g2v2
2tβ
0 12 gX gT vx 0
• tβ Bμ + g2v2t2β 0
gX gT vx
tβ
0
• • λ2x22 0 λ2xv S − xTλ√2
• • • m44 0
• • • • x2Tλ
2
√
2v S
⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠
(13)
with the abbreviations
m44 = 2m2η¯ + λ2v2S +
1
2
gX
(
2gX x
2 − gX v
2
t2β
+ gT v2
)
(14)
and gT = gX + g˜ , g2 = g21 + g22 + g2T . We have used the relations 
h = cosβφd+sinβφu , H = cosβφu −sinβφd , N = cosβxη+sinβX η¯, 
N ′ = cosβxη¯ − sinβXη, and took the limit tanβ 	 1, tanβx = 1. 
The lightest eigenstate of the (h, N ′) sub-system is approximated 
by
m2h 

(
2
(
g21 + g22 +
(
g˜ + gX
)2)
m2η¯ +
(
g21 + g22
)
M2Z ′
)
v2
4
(
2m2η¯ + M2Z ′
) . (15)
Here, we made use of x =
√
4M2
Z ′−(g˜+gX )2v2
gx
and assumed MZ ′ 	 v . 
In addition, we replaced gT as well as g2 for clarity by the full 
expressions. We ﬁnd the expected limits
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• MZ ′ 	mη¯: mh = 14 (g21 + g22)v2
• MZ ′ mη¯: mh = 14
(
g21 + g22 + (g˜ + gX )2
)
v2
Thus, we have the desired D-term enhancement for very large 
soft-terms, which is, however, modiﬁed by the presence of the off-
diagonal gauge coupling g˜ .
3.2. The running of gauge kinetic mixing
As long as g˜ is small, the impact of gauge kinetic mixing will 
be negligible. Thus, as long as g˜ is treated as free parameter, it 
can be set to zero at a given scale. However, via renormalisa-
tion group effects (RGE) it will be induced radiatively if the two 
Abelian gauge groups are not orthogonal. Orthogonality in this re-
spect means that the anomalous dimension matrix deﬁned by
16π2γab = TrQaQb (16)
is diagonal. Here, a and b run over all U (1) groups and the trace 
runs over all superﬁelds charged under the corresponding group. 
In many commonly studied U (1) extension as GSM ×U (1)B–L , γ is 
not diagonal [32]. Even if the two Abelian groups can be embed-
ded in a singlet GUT group, gauge kinetic mixing might appear 
for the remaining light degrees of freedom [33–35]. Calculating the 
anomalous dimension matrix for the model under consideration, 
one ﬁnds large off-diagonal entries
16π2γ = N
(
11 7
7 9
)
N , (17)
where N is a diagonal matrix containing the GUT normalisation. 
Since we don’t assume any GUT embedding here, we use N =
diag(1, 1) in the following. At the one-loop level one can calcu-
late the value of g˜ at the SUSY scale as function of (i) the scale 
 where g˜ is assumed to vanish and (ii) the value for gX at this 
scale. The running of the gauge coupling matrix G at one-loop is 
given by [36,37]
β
(1L)
G ∝ GGTγ G (18)
One has to ensure to bring G to the particular basis deﬁned in 
eq. (7) after the running. The result is shown in Fig. 1. One ﬁnds 
that g˜ is in general negative, and only for a very low cut-off  is 
the new coupling g˜ is much smaller than gX . For  = 106 GeV and 
large gX , |g˜| can already be as large as 0.1, while for a GUT mo-
tivated scenario with  
 1016 and gX () = 0.72, g˜ can even be Fig. 2. One-loop diagrams contributing to the radiative corrections to mh propor-
tional to g2X . The scalar contributions are summarised by  = {h, A0, H+}, but for 
the case where only pseudo-scalars (A0) can appear. m, n label the generations in 
the loop.
as large as 0.4–0.5 × gX .2 For completeness, we want to mention 
that the possibility of positive ratios g˜/gX exists: this can appear 
for very large, but negative values of gX at the scale .
3.3. Loop corrections
Because of the non-vanishing charge of the Higgs doublets un-
der the new gauge group, many additional radiative contributions 
to the Higgs mass arise already at one-loop. The Feynman dia-
grams with possible contributions proportional to gX are depicted 
in Fig. 2. Since the right-sfermions carry also a U (1)x charge, they 
give also non-vanishing diagrams at one-loop. However, it can be 
shown that the tadpole and self-energy corrections cancel exactly 
for them. The loop corrected scalar masses are the eigenvalues of 
the radiatively corrected mass matrix m2,(1L)H given by
m2,(1L)H (p
2) =m2,(T )H + M2(p2) (19)
where M is the sum of tadpole- and self-energy contributions. 
The pole masses m2hi are then associated with the eigenvalues of 
m2,(1L)H (p
2 =m2hi ).
For the calculation of the diagrams it is necessary to diagonalise 
the mass matrices of the particles in the loop, which have dimen-
sions up to 8 × 8. Thus, most contributions can only be calculated 
numerically. Only for the charged Higgs contribution we can ﬁnd 
an analytical estimate for the impact on the SM-like Higgs mass 
which is mainly given by the change in the (2, 2)-element of M2:
δM2(p2) = M2(p2)|gX=0 − M2(p2)|gX =0
=
g2X v
2
((
g2X − 2g22
)
log
(
tβ Bμ
Q 2
)
+ (2g22 + g2X) log
(
M2W
Q 2
))
64π2
(20)
Q 2 is the renormalisation scale and we used the limit p2 → 0. In 
order to give an impression of the importance of all other loop 
corrections, we group all diagrams into four sets: (i) diagrams in-
volving only neutralinos (χ˜0), (ii) diagrams involving only neutral 
2 Even if small values of g˜ are considered, it can be wrong to neglect gauge-
kinetic mixing. Although the impact on the Higgs mass might not be important, 
crucial effects for instance concerning Z ′ searches [38,39] or dark matter properties 
[40] could be missed.
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(green, dot-dashed), (ii) CP-even scalars (blue, dashed), (iii) charged Higgs (orange, 
dotted), (iv) CP-odd scalars, Z ′ and its ghost (red, full).
Fig. 4. Running top Yukawa coupling Y DRt at the SUSY scale Q = 1.5 TeV as function 
of gX . The red, dashed line is for MZ ′ = 3 TeV and the blue, full line for MZ ′ =
4 TeV.
CP-even scalars (h), (iii) diagrams involving only charged Higgs 
scalars (H+), (iv) diagrams with CP-odd scalars, the new gauge 
boson and the corresponding ghost (A0, Z ′ , η′). One has to con-
sider the ﬁelds in the last group together, in order to have a gauge 
invariant set of diagrams. In Fig. 3 we show the values of the cor-
rections to the (2, 2)-element of the Higgs mass matrix as function 
of gX for the case of vanishing kinetic mixing, MZ ′ = 3 TeV and 
mη¯ = 2 TeV. One can see that the main loop corrections come from 
the charged and CP-even scalar sector. Since both are negative, one 
can expect that the new loop corrections reduce the SM-like Higgs 
mass, i.e. they might compensate to some extent the positive ef-
fect at tree-level. The corrections stemming from neutralinos are 
comparable small, while the ones involving the Z ′ , its Goldstone 
boson and its ghost are even smaller.
There is also an indirect effect of the extended gauge sector 
on the MSSM-like corrections to the Higgs mass: the new force 
changes the relation between the measured SM parameters and 
the running DR values which enter the loop calculations. The most 
important parameter in this respect is the top Yukawa coupling Yt . 
As it can be seen from Fig. 4, the change in the running coupling 
YDRt is only very small when turning up gX . Thus, the change in 
the loop corrections is only very tiny.
4. Numerical results
We turn now to the discussion of the impact on the SM-like 
Higgs mass of the two effects described in the last section. For this 
purpose, we make use of the SPheno [41,42] output of SARAHFig. 5. The enhancement of the SM-like Higgs mass (contours of constant shift in 
GeV) via the new gauge contributions at the tree-level (red, dashed lines) and when 
including loop-effects (black, full lines).
[43–48].3 The SARAH generated Fortran code provides a fully 
ﬂedged spectrum generator for the model which enables a calcula-
tion of the entire mass spectrum at the one-loop level without 
any approximation: any loop contribution and the full momen-
tum dependence is included. In principle, SPheno includes also 
new two-loop corrections for the model under consideration [49,
50]. However, these are so far only available in the gaugeless 
limit, i.e. the corrections we are mainly interested in are not cov-
ered.
We show in Fig. 5 the shifts of the SM-like Higgs mass at 
tree-level and at the one-loop level for M ′Z = mη¯ = 3 TeV in the 
(gX , ˜g/gX )-plane compared to the case gX = g˜ = 0. One sees 
that the enhancement in the Higgs mass when including loop 
effects and/or gauge-kinetic mixing is always smaller than the 
push at tree-level when neglecting these effects. Assuming a ﬁxed 
ratio g˜/gX , gauge kinetic mixing becomes more important for 
larger gX . In contrast the (relative) impact of the loop corrections 
has only a mild dependence on the considered value of gX . This 
can be seen in Fig. 6 where the shifts δm(T ) and δm(1L) deﬁned 
by
δm(T )h =m(T )h (gX ) −m(T )h (gX = 0) (21)
δm(1L)h =m(1L)h (gX ) −m(1L)h (gX = 0) − δm(T )h (22)
are shown as function of gX and for different combinations of 
MZ ′ and mη¯ . One ﬁnds, that the loop effects always reduce the 
overall enhancement of the Higgs mass by 25–30%. The radiative 
corrections are usually more important for small gX , but also de-
pend to some extent on the hierarchy between MZ ′ and mη¯: for 
larger mη¯ , which corresponds to a large enhancement at tree-level, 
the relative importance of the loops decreases faster with increas-
ing gX .
5. Summary
We have revisited here the possibility to push the tree-level 
mass of the SM-like Higgs by non-decoupling D-terms. It has been 
shown that a pure study at tree-level can overestimate the posi-
tive effect on the Higgs mass signiﬁcantly. Namely, new radiative 
corrections triggered by the extended gauge sector can reduce the 
Higgs mass by several GeV. In addition, it has been shown that 
gauge kinetic mixing, which is a natural effect if the new Abelian 
3 The model ﬁles called U1xMSSM are now included in the public SARAH version.
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(T )
h as deﬁned in eqs. (21) and (22) as func-
tion of gX . Here, we put g˜ = 0 and assumed (MZ ′ , mη¯) = (3, 3) TeV [red, dashed], 
(3, 4) TeV [orange, dot-dotted], (4, 3) TeV [blue, dotted], (4, 4) TeV [green, full].
gauge group is not orthogonal to U (1)Y , reduces the positive shift 
of the Higgs mass at tree-level to some extent depending on the 
assumed cut-off scale .
Acknowledgement
I thank Toby Opferkuch for proof-reading the manuscript.
References
[1] CMS Collaboration, S. Chatrchyan, et al., Observation of a new boson at a mass 
of 125 GeV with the CMS experiment at the LHC, Phys. Lett. B 716 (2012) 
30–61, arXiv:1207.7235.
[2] ATLAS Collaboration, G. Aad, et al., Observation of a new particle in the search 
for the Standard Model Higgs boson with the ATLAS detector at the LHC, Phys. 
Lett. B 716 (2012) 1–29, arXiv:1207.7214.
[3] H.P. Nilles, Supersymmetry, supergravity and particle physics, Phys. Rep. 110 
(1984) 1–162.
[4] S.P. Martin, A Supersymmetry primer, Adv. Ser. Direct. High Energy Phys. 18 
(1998) 1, arXiv:hep-ph/9709356.
[5] B. Batell, G.F. Giudice, M. McCullough, Natural heavy supersymmetry, J. High 
Energy Phys. 12 (2015) 162, arXiv:1509.00834.
[6] J. Camargo-Molina, B. O’Leary, W. Porod, F. Staub, Stability of the CMSSM 
against sfermion VEVs, J. High Energy Phys. 1312 (2013) 103, arXiv:1309.7212.
[7] J. Camargo-Molina, B. Garbrecht, B. O’Leary, W. Porod, F. Staub, Constraining the 
Natural MSSM through tunneling to color-breaking vacua at zero and non-zero 
temperature, Phys. Lett. B 737 (2014) 156–161, arXiv:1405.7376.
[8] U. Chattopadhyay, A. Dey, Exploring MSSM for charge and color breaking and 
other constraints in the context of Higgs@125 GeV, J. High Energy Phys. 1411 
(2014) 161, arXiv:1409.0611.
[9] M. Bastero-Gil, C. Hugonie, S.F. King, D.P. Roy, S. Vempati, Does LEP prefer the 
NMSSM? Phys. Lett. B 489 (2000) 359–366, arXiv:hep-ph/0006198.
[10] R. Dermisek, J.F. Gunion, Consistency of LEP event excesses with an h → aa
decay scenario and low-ﬁne-tuning NMSSM models, Phys. Rev. D 73 (2006) 
111701, arXiv:hep-ph/0510322.
[11] U. Ellwanger, C. Hugonie, A.M. Teixeira, The next-to-minimal supersymmetric 
standard model, Phys. Rep. 496 (2010) 1–77, arXiv:0910.1785.
[12] U. Ellwanger, C. Hugonie, The upper bound on the lightest Higgs mass in 
the NMSSM revisited, Mod. Phys. Lett. A 22 (2007) 1581–1590, arXiv:hep-
ph/0612133.
[13] A. Delgado, C. Kolda, J.P. Olson, A. de la Puente, Solving the little hierar-
chy problem with a singlet and explicit μ terms, Phys. Rev. Lett. 105 (2010) 
091802, arXiv:1005.1282.
[14] G.G. Ross, K. Schmidt-Hoberg, The ﬁne-tuning of the generalised NMSSM, Nucl. 
Phys. B 862 (2012) 710–719, arXiv:1108.1284.
[15] L.J. Hall, D. Pinner, J.T. Ruderman, A natural SUSY Higgs near 126 GeV, J. High 
Energy Phys. 04 (2012) 131, arXiv:1112.2703.
[16] E. Ma, Exceeding the MSSM Higgs mass bound in a special class of U(1) gauge 
models, Phys. Lett. B 705 (2011) 320–323, arXiv:1108.4029.
[17] Y. Zhang, H. An, X.-d. Ji, R.N. Mohapatra, Light Higgs mass bound in SUSY left-
right models, Phys. Rev. D 78 (2008) 011302, arXiv:0804.0268.
[18] M. Hirsch, M. Malinsky, W. Porod, L. Reichert, F. Staub, Hefty MSSM-like 
light Higgs in extended gauge models, J. High Energy Phys. 1202 (2012) 084, 
arXiv:1110.3037.[19] X. Lu, H. Murayama, J.T. Ruderman, K. Tobioka, A natural Higgs mass in su-
persymmetry from NonDecoupling effects, Phys. Rev. Lett. 112 (2014) 191803, 
arXiv:1308.0792.
[20] A. Kaminska, G.G. Ross, K. Schmidt-Hoberg, F. Staub, A precision study of 
the ﬁne tuning in the DiracNMSSM, J. High Energy Phys. 1406 (2014) 153, 
arXiv:1401.1816.
[21] R. Ding, T. Li, F. Staub, C. Tian, B. Zhu, The supersymmetric standard models 
with a pseudo-Dirac gluino from hybrid F - and D-term supersymmetry break-
ings, arXiv:1502.03614.
[22] P. Batra, A. Delgado, D.E. Kaplan, T.M.P. Tait, The Higgs mass bound in gauge ex-
tensions of the minimal supersymmetric standard model, J. High Energy Phys. 
02 (2004) 043, arXiv:hep-ph/0309149.
[23] A. Maloney, A. Pierce, J.G. Wacker, D-terms, uniﬁcation, and the Higgs mass, 
J. High Energy Phys. 06 (2006) 034, arXiv:hep-ph/0409127.
[24] K. Babu, I. Gogoladze, C. Kolda, Perturbative uniﬁcation and Higgs boson mass 
bounds, arXiv:hep-ph/0410085.
[25] R. Martinez, N. Poveda, J.A. Rodriguez, Upper bound of the lightest Higgs bo-
son in a supersymmetric SU(3)L ⊗ U (1)X gauge model, Phys. Rev. D 69 (2004) 
075013.
[26] E. Bertuzzo, C. Frugiuele, Natural SM-like 126 GeV Higgs boson via nondecou-
pling D terms, Phys. Rev. D 93 (3) (2016) 035019, arXiv:1412.2765.
[27] R.M. Capdevilla, A. Delgado, A. Martin, Light stops in a minimal U(1)x extension 
of the MSSM, Phys. Rev. D 92 (11) (2015) 115020, arXiv:1509.02472.
[28] B. Holdom, Two U(1)’s and epsilon charge shifts, Phys. Lett. B 166 (1986) 196.
[29] R.M. Fonseca, M. Malinský, F. Staub, Renormalization group equations and 
matching in a general quantum ﬁeld theory with kinetic mixing, Phys. Lett. 
B 726 (2013) 882–886, arXiv:1308.1674.
[30] B. O’Leary, W. Porod, F. Staub, Mass spectrum of the minimal SUSY B–L model, 
J. High Energy Phys. 05 (2012) 042, arXiv:1112.4600.
[31] F. Staub, et al., Precision tools and models to narrow in on the 750 GeV dipho-
ton resonance, arXiv:1602.05581.
[32] L. Basso, S. Moretti, G.M. Pruna, A renormalisation group equation study of the 
scalar sector of the minimal B–L extension of the standard model, Phys. Rev. D 
82 (2010) 055018, arXiv:1004.3039.
[33] M. Hirsch, W. Porod, L. Reichert, F. Staub, Phenomenology of the minimal su-
persymmetric U (1)B–L × U (1)R extension of the standard model, Phys. Rev. D 
86 (2012) 093018, arXiv:1206.3516.
[34] M.E. Krauss, W. Porod, F. Staub, SO(10) inspired gauge-mediated supersymme-
try breaking, Phys. Rev. D 88 (1) (2013) 015014, arXiv:1304.0769.
[35] P. Athron, D. Harries, R. Nevzorov, A.G. Williams, E6 inspired SUSY benchmarks, 
dark matter relic density and a 125 GeV Higgs, arXiv:1512.07040.
[36] F. del Aguila, G.D. Coughlan, M. Quiros, Gauge coupling renormalization with 
several U(1) factors, Nucl. Phys. B 307 (1988) 633, Erratum: Nucl. Phys. B 312 
(1989) 751.
[37] R.M. Fonseca, M. Malinsky, W. Porod, F. Staub, Running soft parameters in 
SUSY models with multiple U(1) gauge factors, Nucl. Phys. B 854 (2012) 28–53, 
arXiv:1107.2670.
[38] L. Basso, A. Belyaev, S. Moretti, G.M. Pruna, C.H. Shepherd-Themistocleous, 
Z ′ discovery potential at the LHC in the minimal B–L extension of the Stan-
dard Model, Eur. Phys. J. C 71 (2011) 1613, arXiv:1002.3586.
[39] M.E. Krauss, B. O’Leary, W. Porod, F. Staub, Implications of gauge kinetic mixing 
on Z’ and slepton production at the LHC, Phys. Rev. D 86 (2012) 055017, arXiv:
1206.3513.
[40] L. Basso, B. O’Leary, W. Porod, F. Staub, Dark matter scenarios in the minimal 
SUSY B–L model, J. High Energy Phys. 09 (2012) 054, arXiv:1207.0507.
[41] W. Porod, F. Staub, SPheno 3.1: extensions including ﬂavour, CP-phases and 
models beyond the MSSM, Comput. Phys. Commun. 183 (2012) 2458–2469, 
arXiv:1104.1573.
[42] W. Porod, SPheno, a program for calculating supersymmetric spectra, SUSY par-
ticle decays and SUSY particle production at e+ e- colliders, Comput. Phys. 
Commun. 153 (2003) 275–315, arXiv:hep-ph/0301101.
[43] F. Staub, SARAH, arXiv:0806.0538.
[44] F. Staub, From superpotential to model ﬁles for FeynArts and CalcHep/Com-
pHep, Comput. Phys. Commun. 181 (2010) 1077–1086, arXiv:0909.2863.
[45] F. Staub, Automatic calculation of supersymmetric renormalization group equa-
tions and self energies, Comput. Phys. Commun. 182 (2011) 808–833, arXiv:
1002.0840.
[46] F. Staub, SARAH 3.2: Dirac gauginos, UFO output, and more, Comput. Phys. 
Commun. 184 (2013) 1792–1809, arXiv:1207.0906.
[47] F. Staub, SARAH 4: a tool for (not only SUSY) model builders, Comput. Phys. 
Commun. 185 (2014) 1773–1790, arXiv:1309.7223.
[48] F. Staub, Exploring new models in all detail with SARAH, arXiv:1503.04200.
[49] M.D. Goodsell, K. Nickel, F. Staub, Two-loop Higgs mass calculations in super-
symmetric models beyond the MSSM with SARAH and SPheno, Eur. Phys. J. C 
75 (1) (2015) 32, arXiv:1411.0675.
[50] M. Goodsell, K. Nickel, F. Staub, Two-loop Higgs mass calculation from a dia-
grammatic approach, arXiv:1503.03098.
